Various adsorbents, including iodides and sulphides of some metals and modified carbon materials, were synthesized and their ability to recover mercury was studied. Our results showed that copper sulphide [dynamic capacity (DC) of 36 mg/g for mercury vapour], the active form of manganese dioxide (DC of 28 mg/g) and modified carbon adsorbents were promising demercuration agents. The DC of the best demercuration agents (MNCS-O-Cl-I) can be as much as 125 mg/g.
INTRODUCTION
Contamination of air and water by mercury is highly relevant because mercury is an important toxic environmental contaminant. The Sanitary Regulations in Russia have set a maximum permissible concentration (MPC) of 0.01 mg/m 3 for mercury in working areas, 0.0003 mg/m 3 in air, 0.0005 mg/l in water reservoirs and 2.1 mg/kg in soil [GOST Standard 12.3031-83 (Safety Standards System 1983) ; Ebinghaus et al. 1999; Burgess 2005; Yanin 2005 ].
The present levels of mercury exceed these limits. Therefore, there is a need to normalize the concentration of mercury both in the working areas of industrial facilities that use mercury in their technological applications and in the surrounding areas. Adsorption methods are widely used for the extraction of mercury and the decontamination efficiency of these methods depend on the adsorbent used. Different substances were proposed as adsorbents of mercury vapour, including activated carbon, active alumina, active manganese dioxide, cobalt oxides, microfine zinc oxide (Alexis 1933; Pyankov 1935) .
Activated carbon is a solid adsorbent that is proposed for the adsorption of mercury vapour from air, and is reported to adsorb up to 5-7% weight of mercury under static conditions (Pyankov 1935) .
Unfortunately, in dynamic conditions, activated carbon is an ineffective adsorbent for mercury vapour (Sergeant et al. 1957) . In this situation, activated iodinated carbon is reported to work best (Pugachevich 1972) because of the significant affinity of iodine towards mercury.
Equations (1) and (2) show the interaction of mercury vapour with solid and gaseous iodine.
I 2(s) + Hg (g) → HgI 2(s) , Q = 39.9 kcal (1) I 2(g) + Hg (g) → HgI 2(s) , Q = 54.8 kcal
The adsorption capacity of activated carbon is increased by oxidizing its carbon or by introducing various components (i.e. by chemical modification of the carbon surface). It has been observed that at 150-260 °C, activated carbon embedded with chlorine salt has 300 times greater capacity to remove elemental mercury than the traditional thermally activated carbon (Teller and Quimby 1991) . In a previous study, Matsumura (1974) showed that oxidized or iodized activated carbon adsorbed 20-160 times more mercury vapour than that adsorbed by untreated activated carbon under nitrogen atmosphere at 30 °C. Granite et al. (2000) reported that hydrochloric acid-treated activated carbon had a greater capacity for adsorption of mercury in the experiments carried out under argon atmosphere at 138 °C, thus making it one of the most active adsorbents studied to date. However, the cost associated with the synthesis of chemically embedded activated carbon is high. There have been many attempts to find a low-cost alternative adsorbent, but only limited success has been achieved thus far, which is mainly due to poor removal efficiency (Krishnan et al. 1994) .
Therefore, it is essential to develop a novel adsorbent for the effective and affordable removal of elemental mercury. It has been previously illustrated that adsorption of mercury on activated carbon surface is exothermic, indicating a typical physisorption mechanism (Gullett and Jozewicz 1993; Krishnan et al. 1994; Ghorishi and Gullett 1998; Karatza et al. 2000; Zeng et al. 2004) . Moreover, impregnants of sulphur, iodine and chlorine are thought to provide sites in which the mercury can chemically adsorb onto the modified carbon surface (Vidic and Siler 2001) .
For chlorine-and sulphur-impregnated activated carbons, the adsorption capacity increases with decreasing temperatures because of the exothermic behaviour of mercury upon reacting with chloride or elemental sulphur (Vidic and Siler 2001; Zeng et al. 2004) . By contrast, in the case of iodine-impregnated activated carbon, the amount of mercury adsorbed by the carbon increases as the temperature increases (Lee et al. 2004) .
The adsorbents are prepared by either treating activated carbon with KMnO 4 , chlorine and nitrogen oxides (Garifzyanov et al. 1970; Theodore 1979; Mikhailov et al. 1980; Skrypnyk et al. 1980) or introducing ferric chloride (Goldin et al. 1972; Belozovsky et al. 1978; Perchugov and Kiselev 1981) , vinyl chloride oligomers (Mikhailov et al. 1985) , chlorinated diantipyrilmethane or antipyrine (Belozovsky et al. 1981) , sulphur and hydrogen sulphide. This chemical modification increases the adsorption capacity of the activated carbon for mercury vapour (Momot et al. 1982; Anarbaev et al. 1993 ). An activated carbon impregnated with sodium sulphide or polysulphide solutions used for adsorption of mercury vapour has been patented (Volberg and Hershkowitz 1966) . According to the literature sources (Leontovich et al. 1972) , silica gel treated with potassium iodide solution, containing iodine and ethylene glycol, is a good adsorbent of mercury vapour. Pugachevich (1972) reported on the good adsorption capacities of MnO 2 and AgO for mercury vapour. The protective-effect time (all in relative units) for the adsorbents is as follows: 1 for 15% iodized activated carbon, 14 for AgO, 8 for active MnO 2 and 4 for PbO 2 with the same thickness and size as the adsorbent granules. Polyiodide anion-exchange resin AB-17 of the general forms R¢J-J X and AB-17¥24P are also well-known adsorbents of mercury vapour (Lazarev et al. 1977) . In particular, the dynamic capacity (DC) necessary to achieve a mercury concentration of 0.01 mg/m 3 was 32.5 and 66 mg/g for R¢J-J 4 and AB-17¥24P resins, respectively.
Despite the wide range of adsorbents proposed for the extraction of mercury vapour, many are unsuitable for purification of industrial air because of the high cost involved in their synthesis and recovery. The activated carbons, as the cheapest adsorbents, have limited use due to the low DC (Mellor 1956 ). Thus, the purpose of the work was to develop novel efficient adsorbents for the removal of mercury vapour.
EXPERIMENTAL ANALYSIS
The following adsorbents were synthesized in this study:
• Adsorbents with iodine (free or fixed) as an active primary nutrient. Upon applying these adsorbents, the mercury vapour is converted into HgI 2 ; • Adsorbents that form HgO or its salts upon application; • Adsorbents with sulphur (free or fixed) as an active primary nutrient; • Carbon-based adsorbents modified by iodine, hydrogen peroxide, chlorine or oxides.
Group 'A' Adsorbents
Synthesis of KI-I 2 : First, 1 g of KI was dissolved in 2 ml of water. To this solution, 2.53 g of iodine was added. The solution was stirred rapidly until the iodine dissolves completely. The resulting solution was evaporated to dryness in a water bath. In order to remove moisture, the solution was kept in a desiccator over calcined CaCl 2 for a day. The dried product was then ground and sieved to obtain the desired dispersion of the adsorbent (100-250 mm).
Synthesis of PI 3 : PI 3 was synthesized by fusing powdered red phosphorus with iodine in a closed vessel at 100°C (melting point: 61°C). The melt obtained is a labile dark liquid. The resulting hardened melt was crushed to 3-4-mm granules.
Synthesis of CuI 2 : CuI 2 was synthesized by mixing calculated quantities of copper powder and molten iodine at 120-125 °C in a closed vessel.
Group 'B' Adsorbents
Literature sources indicate AgO/MnO 2 as one of the best adsorbents of mercury vapour. According to Pugachevich (1972) , although AgO is a good adsorbent of mercury, it does not adsorb mercury in significant quantities under the experimental conditions studied here. Thus, active MnO 2 was used, which is prepared as follows:
The potassium permanganate powder was added to a slight excess of concentrated nitric acid solution and a precipitate was obtained. The MnO 2 precipitate obtained was filtered off, and thoroughly washed with water and dried at 70 °C for 1 hour. Active MnO 2 is thus obtained as a fine black brown powder.
Group 'C' Adsorbents
Mercury is known to react with sulphur even at room temperatures upon grinding the mixture in a mortar to form a sulphide (United States Environmental Protection Agency 1997). We used copper sulphide (CuS) as one of the adsorbents of mercury. However, the commercial agent appeared to be unsuitable as an adsorbent for mercury because its sulphur is inactive and does not react with mercury vapour. Therefore, to obtain active copper sulphide, a low-temperature synthesis of copper sulphide was carried out using the following equations:
Active CuS was synthesized by mixing an aqueous solution of Na 2 S 2 O 3 and CuSO 4 at 80 °C. Copper thiosulphate was formed first, which then decomposes into finely divided insoluble CuS. The precipitate was filtered off, washed with water and dried at 70 °C.
CuS 3 was synthesized according to the procedure described by Mellor (1956) . Calculated amounts of Na 2 S 4 and CuCl 2 were separately dissolved in a small amount of water. The resulting solutions were vigorously stirred. The CuS 3 in reaction (7) is formed as a crystalline precipitate, which was filtered off, washed with water and dried in air.
The Na 2 S 4 used in reaction (7) was synthesized by melting calculated amounts of anhydrous sodium sulphide and sulphur (Mellor 1956 ). The resulting melt was finely crushed into particles of various sizes (100-250 mm). Industrial adsorbent in most cases is activated KAD-iodine carbons (NIITEKHIM 1983) . The characteristics of carbon adsorbents are presented in Table 1 that compares the textural characteristics of various surface-modified carbon-based adsorbents (MNCS-O-Cl-I; nanoporous structure) with the activated KAD-iodine carbon (microporous structure; Jankovska et al. 1979; NIITEKHIM 1983; Mitkin et al. 1999 Mitkin et al. , 2001 Levchenko et al. 2005) . The pore structure of carbon adsorbents was characterized based on the nitrogen adsorption isotherms at 77 K and application of BET equation for the pore-surface area (Rouquerol et al. 1999) . The synthesis of various modified carbon materials is as follows:
Group 'D' Adsorbents
• The KAD-AgNO 3 solution was prepared by impregnating carbon in AgNO 3 solution (AgNO 3 content, 27.8%). • The KAD-O was obtained by oxidizing the activated KAD-iodine carbon in the presence of concentrated HNO 3 for 3 hours. The adsorbent was then dried in a fume hood for 8 hours. The content of oxygen-containing groups, identified by a titrimetric method, is equal to 15.4%. • The KAD-Cl was prepared by treating carbon with gaseous chlorine. The chlorine content in the solution is 6.5-8.5 wt%. • The KAD-I was obtained by saturation of KAD-iodine carbon with 10% ethanol-iodine solution with a solid:liquid ratio of 1:10 for 24 hours. The adsorbent was then dried in air. The iodine content was determined using a titrimetric method with sodium thiosulphate, and was found to be 9 wt%. • The KAD-CuS was obtained by adding carbon to an aqueous solution of CuCl 2 , which adsorbed as much as 12% of copper chloride. The activated carbon was separated from the solution and dried, and then brought in contact with the sodium sulphide solution. The CuS obtained from the exchange reaction was firmly fixed to the carbon surface. The sodium chloride was washed with water and the activated carbon was dried (Gladyshev et al. 1974; Lazarev et al. 1977 ). • The MNCS-I adsorbent (a modified nanoporous carbon adsorbent/composite CM) was prepared by treating pyrolytic carbon with soot particles of size 0.7-1.6 mm and specific surface area 513 m 2 /g. It is synthesized as follows: 5 g of the CM was placed in a glass vessel, to which 50 ml of 10% ethanol-iodine solution was added and the vessel was covered with watch glass. Twenty-four hours later, the alcohol-iodine solution was distilled, and the adsorbent was dried in air. The iodine content was determined using a titrimetric method. The MNCS-I adsorbents were prepared with the iodine content of 5-34%. • The MNCS-Cl adsorbent is prepared as follows: A weighed sample of 20 g of CM was saturated with gaseous chlorine at a rate of 2 l/minute for 4-5 hours. The chlorine content used was 7%. • The MNCS-Cl-I adsorbent (6.6% Cl 2 and 13% I 2 ) was obtained by passing chlorine through CM for 4-5 hours, and then saturating with iodine in the alcohol-iodine solution.
• The MNCS-F-I adsorbent (25.8% F 2 and 5.55% I 2 ) was obtained by fluorination of CM with chlorine trifluoride at 20-22 °C for 2 hours. The resulting product was iodized by passing iodine vapour that was obtained by heating iodine powder at 70 °C for 24 hours. • The MNCS-O-Cl-I adsorbent (4.5% O 2 , 7% Cl 2 and 20.5% I 2 ) was obtained by oxidizing MNCS in 30% H 2 O 2 for 3 hours. The adsorbent obtained was then dried in a fume hood for 8 hours. The content of oxygen-containing groups identified using a titrimetric method was equal to 4.5%. The chlorination and iodination steps were performed as described earlier for KAD-Cl and KAD-I (Levchenko et al. 2004 ).
Demercuration Ability
To determine the demercuration ability, a laboratory-testing unit has been developed and its schematic is shown in Figure 1 . The tests were performed as follows: Compressed air was passed through a valve (1), which roughly regulated the air supply into the system, to a microvalve (2), which provided fine regulation. The air was then passed through a cotton-filled filter (3), which removed possible dust or oil contaminants from the dry air, and into a rotameter (4). The T-piece valve (5) provided the air supply to the T-piece valve (6) or dumped it into the atmosphere. The valve (6) provided air supply to a manometer (7) and a bubble mercury evaporator (8). Upon termination of the work, the manometer is disconnected from the system through valve (6) in order to prevent mercury vapour from entering the manometer by diffusion. In evaporator (8), the air was saturated by mercury vapour. Here, the term 'saturation' is a conventional expression because the vapour cannot be saturated under dynamic conditions at the given temperature. The evaporator had a shirt in which water from the thermostat (12) circulated in order to maintain the desired temperature. The temperature of water in the shirt differed from that in the thermostat by no more than 0.2 °C. From the evaporator, the air saturated with mercury vapour passed through a filter (9) catching small mercury droplets to prevent them from being carried away by airflow. Following filtration (9), the air passed through the T-piece valve (10) and was directed into the adsorbing column (12) or to a sample bottle (11) in order to determine the mercury content (a control sample). The adsorbing column had the following dimensions: height, 160 mm; internal diameter, 16 mm and cross-sectional area, 2.01 cm 2 . It was also supplied with a thermostatic water jacket. From column (12), the air was ejected into the atmosphere in an exhaust hood or passed through the sample bottle when it is necessary to define the mercury content in air after passing through the adsorbing column (passage). The constant temperature in the mercury evaporator and the adsorbing column was maintained using the U10 Thermostat (±0.2 °C) . The evaporator and its thermostatic shirt, adsorbing column, T-piece valves, and filters were made from glass. The devices were connected by rubber tubes.
The measurement technique is as follows: the same amounts of the adsorbent were taken for all experiments; all dynamic tests were carried out in temperature-controlled conditions at 20 and 25 °C. At 20 and 25 °C, the concentration of mercury vapour in the stream was 8-12 and 13-16 mg/m 3 , respectively, at the outlet of the evaporator; the air velocity in the system was the same and was equal to 5 l/minute. The linear velocity was 0.415 m/second. The effective DC of the adsorbent was calculated in milligram/gram before the passage step. The content of the target component at the outlet of the adsorbing column (0.01 mg/m 3 ) was taken as the 'passage' concentration. The mercury content at the outlets of the evaporator and the column was determined by the Polezhaev method (Gladyshev et al. 1974 ). The gas volume under normal conditions (V 0 ) was obtained using equations (8) and (9) V 0 = VP 0 /(1 + at) ¥ 760 = VF (8) where V is the measured gas volume, t is the gas temperature, a = 0.003670, P 0 is the barometer indication reduced to 0 °C. P 0 = (P t -t¢/8) torr (9) where P t is the observable barometer reading, t¢ is the mercury temperature in the barometer; the air temperature was measured near the barometer. The F factor is equal to 0.9286, that is, the measured value of 60l of gas corresponds to 55.7l. The pressure in the system varied from 0.04 to 0.08 atm. Tables 1 and 2 list the experimental data on the adsorption of mercury vapour by the adsorbents in Groups a-d.
CONCLUSIONS
Mercury has low vapour pressure and low solubility. Therefore, any mercury-removal process must be effective even at very low concentrations of mercury. Adsorption is one such process. Unimpregnated activated carbon is a fair mercury adsorbent. However, its capacity to adsorb mercury is significantly increased by impregnating it with a material that chemically reacts with the mercury and holds it. The impregnant is chosen is based on the experimental conditions and the fluid composition. The high surface area of the adsorbents attracts mercury and facilitates physical adsorption or chemical reaction. The most common base material is activated carbon.
Our experimental results show that the most effective air demercuration agents in Groups a-c are CuS, which had the highest DC of 36 mg/g, CuS 3 (DC = 18 mg/g) and the active form of MnO 2 (DC = 28 mg/g). In this case, demercuration of air is achieved by the interaction of these reagents with mercury vapour to form low-volatile HgS and HgO compounds, which correspond to natural forms of mercury. The DC of adsorbents was calculated from the data presented in Tables 2 and 3 .
We also showed that the commercially available activated carbon (i.e. Russian grade KAD-iodine) has a low adsorption capacity (DC = 0.028 mg/g) and is a poor adsorbent of vapour mercury. The small DC values with respect to mercury vapour are observed for carbons modified with silver nitrate or copper sulphide and for oxidized carbons. This is likely due to the slow kinetics of mercury oxide as well as due to the formation of sulphide on the carbons under the given experimental conditions. 
